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This paper presents a simple conceptual model to explain that even spherical scatterers lead to a polarization difference
signal for microwave limb radiances. The conceptual model relates the polarization difference measured by a limb-looking
sensor situated inside a cloud with the anisotropy of the radiation. In the simulations, it was assumed that the cloud
consists of spherical ice particles with a radius of 68:5mm which were situated between 10.6 and 12.3 km altitude. The
frequencies 318 and 500GHz were considered.
The results of the conceptual model were compared to the results of the fully polarized scattering model ARTS-1-1. The
comparison showed a good qualitative agreement. The polarization difference decreases inside the cloud with increasing
height and changes sign. This behavior can be related to a different amount of radiation coming from the atmosphere
above and below the cloud, compared to the amount of radiation coming from the sides. The sign of polarization
difference of the scattered radiation is opposite for these two radiation sources.
r 2006 Elsevier Ltd. All rights reserved.
PACS: 42.68.Wt; 42.68.Mj; 41.20.Jb; 84.40.x
Keywords: Radiative transfer; Microwave remote sensing; Scattering; Cirrus clouds; Limb observations; Polarization difference1. Introduction
Cirrus clouds play an important role in the Earth’s climate system. They permanently cover about 30% of
the Earth’s surface [1] and inﬂuence the Earth–atmosphere radiation balance in such a way that they reﬂect or
transmit solar radiation, but absorb infrared radiation.
Unfortunately, our understanding of the inﬂuence of cirrus clouds on climate is limited. The estimated
values of the temperature increase given in the IPCC report [2] vary from 1.5 to 4.5K for a doubling of the
CO2-content. A major reason for this large uncertainty is the limited understanding of clouds and their role in
climate.e front matter r 2006 Elsevier Ltd. All rights reserved.
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retrieval of cloud properties. The retrieval of clouds is important to obtain a global coverage of the properties
of cloud particles and ice water content (IWC). Evans and Stephens [3] suggested to use the polarization signal
of microwave radiation to help to obtain properties like effective radius and shape of cloud constituents as well
as the type of their size distributions.
The analysis of clouds and radiative transfer inside clouds is important to obtain a better understanding of
the origin of the polarization difference signal and the relation to the properties of clouds and atmosphere.
Liu and Simmer [4] investigated the polarization signal in down-looking geometry and found that the origin
of polarization in clouds with spherical particles can be understood as a combined effect of the anisotropic
phase matrix together with varying radiation in the vicinity of the particles. Czekala [5] extended the
explanation to non-spherical particles. Miao et al. [6] showed that there is a resonance feature of the
polarization difference for ice particles at a certain range of particle size. Prigent et al. [7] showed for the case
of 85GHz that polarized scattering signatures cannot be neglected when generating rain retrieval schemes
using scattering properties of the hydrometeor layers.
This paper focuses on the anisotropic radiation ﬁeld as origin of the polarization difference in limb
geometry (looking angle g  90) for spherical ice particles. The simplest approach of mono-disperse
distribution for the particle size was chosen to explain the polarization difference.
As a reference model for the explanation of polarization difference at limb, the ARTS-1-1-862 model [8] was
chosen. There are several polarized plane parallel radiative transfer models [9–14], but ARTS-1-1 is the only
polarized model in spherical geometry.
As an example, the polarization difference ﬁeld in Rayleigh–Jeans brightness temperature (BT) is plotted in
Fig. 1 for 500GHz and ice particles with a radius of 68:5mm.
One sees that there are positive and negative polarization differences of different magnitudes, depending on
height inside the cloud and on the looking angle.
Inside the cloud there is a negative polarization signal for up-looking directions and a positive polarization
signal for down-looking directions. Below the cloud only a positive polarization signal for up-looking angles
just below 90 zenith angle can be observed. A sensor above the cloud looking in limb geometry will see a
positive or negative polarization signal depending on the exact looking angle.zenith angle [deg]
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Fig. 1. Polarization difference ﬁeld for 500GHz. The polarization difference Q in BT is plotted versus the height in the cloud on the y-axis
and the zenith looking angle on the x-axis. The dotted horizontal lines represent the limits of the cloud. Zenith angles below 90
correspond to up-looking and angles above 90 correspond to down-looking geometry, respectively.
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vertical line in Fig. 1) to the changing amount of radiation coming from different directions in the atmosphere.
The purpose of the conceptual model is not to be used quantitatively, but to provide physical insight into
the origin of the polarization signal.2. Simulation setup
2.1. Definitions
The Stokes vector ~I is deﬁned in terms of the horizontal and vertical component of an electromagnetic wave,
Eh and Ev, respectively,
~I ¼
I
Q
U
V
0
BBB@
1
CCCA ¼ 12
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
m
r EvEnv þ EhEnh
EvE
n
v  EhEnh
EvEnh  EhEnv
iðEhEnv  EvEnhÞ
0
BBBB@
1
CCCCA, (1)
where  is the permittivity and m the permeability of the medium in which the electromagnetic wave
propagates.
The elements I , Q, U and V of the Stokes vector (often denoted as Stokes parameters) are real values and
have the dimension of mono-chromatic energy ﬂux.
In our case of an azimuthally symmetric radiation ﬁeld and spherical particles, the third and fourth Stokes
parameters (U and V ) are identically equal to zero. The ﬁrst two components of the Stokes vector, I and Q,
can be related to the vertically polarized and the horizontally polarized part of the radiation (denoted as Iv
and Ih, respectively):
I ¼ Iv þ Ih, ð2Þ
Q ¼ Iv  Ih. ð3Þ
Here, I is the intensity of the radiation and Q the polarization difference.
In the following, the Stokes vector of the incident radiation and the Stokes vector of the scattered radiation
are denoted as ~I 0 and ~I , respectively.
The radiation in the atmosphere for spherical particles can be calculated using the radiative transfer
equation (RTE)
d~Iðy;fÞ
ds
¼ ðnCext þ agÞ~I þ n
Z
4p
Z^ðy;f; y0;f0Þ~I 0ðy0;f0Þdo0 þ~a, (4)
where ds is the differential path length along the propagation path of the radiation. The extinction cross
section of the particles, which includes absorption as well as extinction due to scattering, is denoted as Cext, the
particle number density as n and the gas absorption coefﬁcient as ag. The matrix Z^ðy;f; y0;f0Þ is the phase
matrix of the scattering particles, which depends on scattered and incident directions; y and f are zenith and
azimuth angle, respectively. The differential solid angle element is deﬁned as do ¼ sin ydydf. The vector ~a
represents the emission of particles and atmosphere. For oriented non-spherical particles the extinction cross
section Cext would have to be replaced by a matrix.
The total extinction coefﬁcient, which includes particle extinction as well as gas absorption, can be
deﬁned as
Kext ¼ nCext þ ag. (5)
For a macroscopically isotropic and symmetric medium, the single scattering properties can be completely
described by the scattering matrix
F^ ðyÞ ¼ Z^ðy;f ¼ 0; y0 ¼ 0;f0 ¼ 0Þ. (6)
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derivations of scattering and phase matrix refer to Mishchenko et al. [15].
The optical thickness t is deﬁned as
t ¼ Kexts. (7)
In a layer of constant gas absorption, Kext can be assumed as constant.
2.2. The atmosphere
The properties and constituents of both atmosphere and cloud were assumed to vary only with altitude (1D
atmosphere). This corresponds to a totally cloud-covered Earth, which is of course unrealistic. Nevertheless,
the scenario is not too different from a widely extended cloud and permits to investigate the upper limit of the
polarization effect.
The included species are H2O, O3, N2 and O2 with proﬁles taken from the FASCOD [16] midlatitude
summer scenarios. The temperature proﬁle is also taken from the FASCOD-scenario. Gas absorption is
calculated using the ARTS-1-0 scalar model [17] based on the HITRAN [18] molecular spectroscopical
database.
2.3. The cloud
The calculations were performed for a 1D cloud with an extent from 10.6 to 12.3 km altitude and an ice
mass content (IMC) of 0:05 g=m3. At the upper and lower limit of the cloud the IMC decreases linearly to
zero. The choice of a rather high and strong cloud was motivated by the aim to investigate a possible
maximum of the polarization signal. The aim of a better understanding of the polarization inside the cloud
justiﬁes the assumption of spherical ice particles and a mono-size-distribution. The radius of the ice particles
was ﬁxed at 68:5mm.
2.4. Observation setup
Since no speciﬁc sensor pattern was used, all quantities shown in this article can be thought of being
measured by an ideal sensor. It can be situated anywhere in the atmosphere and look in any direction.
Calculations were done for two frequencies: 318 and 500GHz. The choice was motivated by the absorption
of the atmosphere and by the different single scattering properties at both frequencies. For 318GHz gas
absorption is small, whereas for 500GHz gas absorption is rather high. At an altitude of 11.4 km, the gas
absorption coefﬁcient a for 318 and 500GHz is a ¼ 2:2 1061=m and 3:2 106 1=m, respectively.
For the assumed IMC and particle size, and a temperature of 226K, the scattering cross section for
318GHz is Csca ¼ 3:2 1010 m2, whereas for 500GHz, Csca ¼ 20:3 1010 m2. The single scattering albedo
for the particles, o, is deﬁned as the ratio of scattering cross section (Csca) and extinction cross section (Cext):
o ¼ Csca
Cext
. (8)
In the setup, the single scattering albedo is rather high for both frequencies—318GHz (o ¼ 0:86) and
500GHz (o ¼ 0:93). This means that interaction of particles and radiation is dominated by scattering rather
than by absorption.
The single scattering albedo for the atmosphere including gas absorption o0 is deﬁned as the ratio of
scattering coefﬁcient (nCsca) and the total extinction coefﬁcient (Kext):
o0 ¼ nCsca
Kext
. (9)
Also the interaction between radiation and atmosphere, including gas absorption and particle interaction, is
dominated by scattering of the particles: the single scattering albedo for the atmosphere at an altitude of
11.4 km is o0 ¼ 0:76 and 0.90 for 318 and 500GHz, respectively.
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between the different scattering regimes, we deﬁne the Mie-parameter
m ¼ 2pd
l
, (10)
where d is the diameter of the scattering particle and l the wavelength of the scattered radiation. For the setup
used in this paper, the Mie-parameter is m ¼ 0:9 for 318GHz and m ¼ 1:4 for 500GHz. Therefore, the
calculations are performed in the Mie-regime.
2.5. Reference RT model
The calculations presented in this article were performed with the ARTS-1-1 model, which includes a
polarized discrete ordinate scattering algorithm using spherical geometry. The scattering calculations are
performed inside a predeﬁned volume named ‘‘cloudbox’’. Inside this volume, the RTE is solved by the
discrete ordinate iterative (DOIT) method [19]. Obviously, the cloudbox should surround the region where
scattering particles forming a cloud are situated. Outside the cloudbox, clear-sky radiative transfer is
performed.
The radiation ﬁeld inside the cloudbox is represented by a set of Stokes vectors. They are situated on
grid points of three predeﬁned grids: pressure, longitude and latitude. As in the 1D case, the radiation
depends neither on longitude nor on latitude, only one set of Stokes vectors for each pressure level needs to be
stored.
Stokes vectors at a certain altitude only depend on the vertical looking direction, denoted as zenith
angle. Due to the anisotropy of the radiation ﬁeld and the strong gradient in limb direction, an optimized grid
for the calculation of the scattering integral is needed. The density of grid points is highest around a zenith
angle of 90.
The cloudbox extends from 6 to 16 km. The single scattering properties of the ice particles were
calculated using PyARTS [20] which includes the T-matrix code from Mishchenko and Travis [21].
The refractive index of ice, which is used by the T-matrix code, was computed using a code developed by
Warren [22].
3. Simulation results
In Fig. 2, the polarization difference Q, calculated by the reference model, is plotted against the
height in the atmosphere for a constant zenith angle of g ¼ 90. This corresponds to the vertical dotted
line in Fig. 1.
Starting near the ground, an increase of Q can be observed below the cloud from 0K BT to about 2.7K BT
with increasing height for 500GHz. The maximum value for 318GHz is about 0.5K BT. Inside the cloud Q
decreases to negative values for both frequencies. The altitude where Q is zero differs for both frequencies: for
318GHz Q is zero at 11.1 km altitude and for 500GHz at 11.7 km altitude. Q reaches a minimum at about
12.3 km altitude inside the cloud in both cases. For 318GHz the value of the minimum is about 1K BT and
for 500GHz about 1:7K BT. Above the cloud Q is zero.
4. Interpretation with a simple conceptual model
With the simple conceptual model, the origin of the polarization difference signal can be explained for this
special case of spherical particles and a looking angle g of 90.
From Eqs. (4) and (7) the polarization difference of the scattered radiation can be derived as
dQ
dt
¼ Q þ n
Kext
Z
4p
ðZ21I 0 þ Z22Q0Þdo0. (11)
In the simple conceptual model, the integral in Eq. (11) is assumed to be constant inside a layer. As the ﬁrst
term in the integral is several orders of magnitude larger than the second, Q is determined by the incoming
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Fig. 2. Q as a function of height. The polarization difference Q in BT is plotted against the height in the atmosphere. The different lines
correspond to the frequencies 318 (solid line) and 500GHz (dashed line). The dotted vertical lines represent the cloud.
C. Teichmann et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 101 (2006) 179–190184radiation I 0 and the component Z21 of the phase matrix:
dQ
dt
 Q þ n
Kext
Z
4p
Z21I
0do0. (12)
Solving Eq. (12) and considering the limit of high opacity t!1 leads to
Q  n
Kext
Z
4p
Z21I
0 do0. (13)
For the special case f ¼ y0 ¼ f0 ¼ 0, the scattering matrix is equal to the phase matrix (cf. Eq. (6)). In Fig. 3,
the scattering matrix component F21 is plotted versus the scattering angle. It is part of the single scattering
properties of the particles. The maximum absolute value of F21 is at a scattering angleY of approximately 90.
Eq. (13) shows that also the absolute value of Q has a maximum around 90 scattering angle for a ﬁxed
incident intensity I 0.
For simplicity, fully polarized radiation is assumed for scattering angles Y 2 ð45; 135Þ in the simple
conceptual model. While this is strictly true only in the Rayleigh regime at a scattering angle of Y ¼ 90, it is
at least approximately true also for Y 2 ð45; 135Þ in the Mie regime. Additionally, unpolarized radiation is
assumed for scattering angles Yeð45; 135Þ. This simpliﬁcation is equal to the following deﬁnition for the
phase matrix dependency on the scattering angle Y:
Z21ðYÞ ¼
F 21ðY ¼ 90Þ : Y 2 ð45; 135Þ;
0 : Yeð45; 135Þ:
(
(14)
Furthermore, the electric ﬁeld vector of the scattered radiation is assumed to be perpendicular to the scattering
plane. This leads to two main contributions to the Q signal at a point P with g ¼ 90 looking angle: radiation
coming from above (Iabove) and below (Ibelow) the cloud on the one hand and from both sides (I sides) on the
other hand (cf. Fig. 4). As a 1D atmosphere is used, P is only a function of altitude: P ¼ PðhÞ.
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Fig. 3. Scattering matrix component F21. The scattering matrix component F21 is plotted versus the scattering angle. The frequencies 318
and 500GHz are represented by solid and dashed lines, respectively.
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Fig. 4. Solid angles of incoming radiation. Inside the cloud, the considered contributions to scattering at point P on the origin are: I sides
(corresponding to positive and negative y-axis), Ibelow (corresponding to negative z-axis) and Iabove (corresponding to positive z-axis). The
observer is looking in negative x-direction.
C. Teichmann et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 101 (2006) 179–190 185Radiation coming from above the cloud and scattered inside the cloud into the line of sight, at a scattering
angleY 2 ð45; 135Þ, leads to horizontally polarized scattered radiation. It is therefore a negative contribution
to Q (cf. Eq. (3)). The radiation coming from below the cloud has the same effect. Scattered radiation from the
sides (also at Y 2 ð45; 135Þ) is vertically polarized. This leads to a positive contribution to Q.
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over a solid angle O ¼ 1:84Sr for each direction:
Iabove ¼
Z 45
0
sin y0dy0
Z 360
0
df0I 0ðy0;f0Þ, (15)
Ibelow ¼
Z 180
135
sin y0dy0
Z 360
0
df0I 0ðy0;f0Þ, (16)
I sides ¼
Z 135
45
sin y0dy0
Z 127:2
52:7
df0I 0ðy0;f0Þ þ
Z 135
45
sin y0dy0
Z 307:3
232:8
df0I 0ðy0;f0Þ. (17)
The solid angle O corresponds to a cone with an opening angle of 45 for Iabove and Ibelow. This means that
f 2 ð0; 360Þ and y 2 ð0; 45Þ for Iabove and f 2 ð0; 360Þ and y 2 ð135; 180Þ for Ibelow. For the case of I sides,
the spherical sector is deﬁned as f 2 ð52:7; 127:2Þ or f 2 ð232:8; 307:3Þ and y 2 ð45; 135Þ. These bounds were
chosen such that each of the four integration areas covers an equal solid angle interval. They are illustrated in Fig. 4.
With the sign of the contributions deduced from the physical considerations and Eqs. (15)–(17), the
polarization in the simple model can be calculated from Eqs. (13) and (14) as
Q ¼ njZ21j
Kext
ðI sides  ðIabove þ IbelowÞÞ. (18)
The averaged integrated incoming radiation components are deﬁned as
I¯above ¼
Iabove
O
,
I¯below ¼
Ibelow
O
,
I¯ sides ¼
I sides
2O
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Fig. 5. Radiation coming from above. The averaged integrated incident radiation from above in BT is plotted versus the height in the
atmosphere from which it is observed. The solid and the dashed lines represent the 318 and 500GHz case, respectively. The dotted and
dash dotted lines represent the clear-sky cases for 318 and 500GHz, respectively.
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observed. The cloudy cases are calculated using the cloudy radiance ﬁeld, and the clear-sky cases are
calculated using the clear-sky radiance ﬁeld from the ARTS-1-1 model as incoming radiation in Eqs. (15)–(17).
For both frequencies, an enhancement of BT can be observed for the scattering cases below the cloud due to
the radiation scattered into the line of sight. The difference to the clear-sky case below the cloud is smaller for
lower altitudes. In this case, the distance to the cloud is bigger and the gas absorption is higher. Therefore, the
inﬂuence of the cloud is smaller. For 500GHz, more radiation is scattered into the line of sight than for
318GHz. This can be explained by a higher single scattering albedo for the atmosphere o0 at 500GHz (cf.
Section 2.4). Inside the cloud the enhancement decreases and reaches zero at the top of the cloud.
Fig. 6 shows the averaged integrated incident radiation coming from below I¯below. One observes a BT
depression relative to the clear-sky case for both frequencies. Inside the cloud up-welling radiation from below
is scattered out of the line of sight, whereas below and above the cloud no changes of the difference to the
clear-sky case are observable.
The magnitude of the depression is about 4K BT for 318GHz and about 18K BT for 500GHz.
In Fig. 7, the averaged integrated radiation coming from both sides I¯ sides is plotted against the height
in the cloud. Below the cloud, a BT enhancement of up to about 42K BT can be observed for 500GHz
and up to about 20K BT for 318GHz. The enhancement increases with increasing height in the
atmosphere as more and more radiation is scattered into the line of sight by the cloud. Inside the cloud the
enhancement decreases. With increasing height inside the cloud, the fraction of radiation which is scattered
out of the line of sight grows. This leads to a BT depression in the upper third of the cloud. Above the
cloud the difference and, therefore, the inﬂuence of the cloud stays constant. This is explainable by the small
gas absorption above the cloud. The fraction of the cloud inside the viewing-cone of the sensor stays
approximately constant.
In Fig. 8, the polarization difference Q, calculated using the simple model, is plotted versus the height in the
atmosphere. It is given by Eq. (18).
The main features of the polarization difference (cf. Fig. 2) are reproduced by the simple model inside the
cloud: in both calculations—reference model ARTS-1-1 and simple model—Q is bigger for 500GHz than for6 7 8 9 10 11 12 13 14 15 16
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Fig. 6. Radiation coming from below. The averaged integrated incident radiation from below in BT is plotted versus the height in the
atmosphere from which it is observed. The solid and the dashed lines represent the 318 and 500GHz case, respectively. The dotted and
dash dotted lines represent the clear-sky cases for 318 and 500GHz, respectively.
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Fig. 7. Radiation coming from the sides. The averaged integrated incident radiation from both sides in BT is plotted against the height in
the atmosphere from which it is observed. The solid and the dashed lines represent the 318 and 500GHz case, respectively. The dotted and
dash dotted lines represent the clear-sky cases for 318 and 500GHz, respectively.
6 7 8 9 10 11 12 13 14 15 16
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5
height [km]
BT
 [K
]
318 Ghz (I′ : cloudy)
318 Ghz (I′ : clear)
500 Ghz (I′ : cloudy)
500 Ghz (I′ : clear)
Fig. 8. Q from the simple model. The polarization difference Q in BT, calculated using the simple model, is plotted versus the height in the
atmosphere from which it is observed. The solid and the dashed lines represent the 318 and 500GHz case, respectively. The dotted and
dash dotted lines represent the cases for 318 and 500GHz, where the clear-sky ﬁelds are taken as input for the integral in Eq. (18).
C. Teichmann et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 101 (2006) 179–190188318GHz in the lower and middle part of the cloud, whereas it is smaller in the upper part. At the lower border
of the cloud the magnitude of the polarization signal could be reproduced: the BT values for the simple model
are 0.04 and 0.08K BT higher than in the reference model for 318 and 500GHz, respectively.
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model, whereas there is a difference for 500GHz: hs ¼ 11:7 km in the reference model and hs ¼ 11:5 km in the
simple model.
The minima at the upper border of the cloud in the simple model differ from the minima in the reference
model. For 318GHz the values for simple and reference model are Q ¼ 1:6 and 1K BT, respectively, and
for 500GHz the values for simple and reference model are Q ¼ 2:8 BT and 1:7K BT, respectively.
As the simple model uses a plane parallel geometry, the polarization signal is zero at altitudes below and
above the cloud due to the absence of scattering particles. Polarization cannot propagate from one layer into
the other. This is not the case for the reference model, where positive polarization difference can be observed
below the cloud down to about 8 km altitude for 500GHz. The polarization difference is generated inside the
cloud and propagates to lower layers where it can be observed in limb geometry due to the sphericity of the
atmosphere.
It is also possible to calculate the polarization difference using the clear-sky ﬁeld as input to Eq. (18). The
result is plotted in Fig. 8 for 318GHz (dotted line) and 500GHz (dash dotted line). A qualitative comparison
with the reference model (cf. Fig. 1) shows that the polarization difference is not reproduced with the simple
model using clear-sky radiances as input. This means that single scattering cannot be assumed inside the cloud:
one has to take into account the multiply scattered radiation in the whole cloud into the line of sight or out of it.
5. Summary and conclusions
The simple conceptual model is able to reproduce the polarization difference. A good quantitative
agreement with the reference model was obtained for values at the lower border of the cloud. The deviation of
the simple model to the reference model at the upper border of the cloud can be explained: to fulﬁll the
assumption of a high optical depth ðt!1Þ, the assumed line of sight (LOS) has to be longer (and the layer
enclosing the considered LOS thicker) above the cloud, than inside the cloud (cf. Eq. (7)). At the cloud top, the
LOS leaves the cloud rather quickly due to the spherical geometry. Therefore, the assumption of constant
cloud properties inside a plane parallel layer in the simple model is worse at the upper border of the cloud
leading to a deviation from the reference model.
The sign-change of Q at a certain cloud altitude at 90 looking angle inside the cloud for spherical ice
particles can be explained. The origin of the sign-change of Q is a changing contribution of radiation from
above, below and the two sides. The strong decrease of I sides leads to a strong decrease of Iv with height. The
relatively weak decrease of Iabove and Ibelow leads to a relatively small decrease of Ih. Together with a higher
absolute value of I sides at the bottom of the cloud, this explains the positive Q decreasing to negative values
inside the cloud.
Further investigations can be done concerning the validity of the simple model for looking directions other
than limb and for particles other than spheres.
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